The midbrain periaqueductal gray (PAG) mediates the physiological responses to a wide range of stressors. It consists of 4 longitudinal columns that have different anatomical connections and functional properties. Previous anatomical and behavioral studies have led to the hypothesis that the dorsolateral PAG, but not the adjacent lateral and dorsomedial subregions, is a key center that integrates the behavioural response to acute psychological threatening stimuli. In this study we tested whether, consistent with this hypothesis, activation of neurons in the dorsolateral PAG evokes a pattern of cardiovascular and respiratory responses that is distinct from that evoked from surrounding regions. Arterial pressure, heart rate, renal sympathetic nerve activity (RSNA) and phrenic nerve activity (PNA) were recorded simultaneously in urethane-anesthetized rats. Microinjections of very small amounts of D,L-homocysteic acid (DLH, 750 pmol in 15 nl) were made into sites throughout the dorsomedial, dorsolateral and lateral PAG subregions. Increases in RSNA of similar magnitude accompanied by small to moderate increases in arterial pressure and heart rate were evoked from all three PAG subregions. In contrast, large increases in both PNA burst rate (respiratory rate) and overall respiratory activity were evoked only from a highly circumscribed region that corresponded closely to the dorsolateral PAG subregion at an intermediate to caudal level. Within this region, the evoked increases in RSNA and respiratory activity were highly correlated (r=0.914, P < 0.001), suggesting the possibility that a common population of "command neurons" within the dorsolateral PAG may generate both sympathetic and respiratory responses from this region.
INTRODUCTION
The midbrain periaqueductal gray (PAG) has long been known to play a crucial role in generating cardiovascular responses associated with defensive behaviour (3, 5, 8, 17, 22, 27) .
The PAG consists of four distinct longitudinal columns, which are referred to as the dorsomedial (dm), dorsolateral (dl), lateral (l) and ventrolateral (vl) columns. Activation of neurons in the lPAG or dlPAG evokes increases in arterial pressure, heart rate (HR), and sympathetic vasomotor activity (3, 5, 8, 18, 22) . It has also been shown that chemical stimulation of sites in the dlPAG, dmPAG or lPAG can increase respiratory rate and depth (15, 19, 38, 39, 40) , consistent with the view that the PAG subregions mediate both cardiovascular and respiratory responses associated with active defensive behaviour (e.g. confrontation or escape).
The dlPAG, dmPAG and lPAG subregions differ greatly with respect to their histochemical and anatomical connections. The dlPAG is very distinctive in that it contains a high density of neurons immunoreactive for nitric oxide synthase (NOS), whereas the adjacent lPAG and dmPAG do not (32) . Furthermore, the afferent inputs to the dlPAG are also distinctly different from those to the lPAG and dmPAG. In particular, the dlPAG receives major inputs from the primary auditory cortex and secondary visual cortex, the medial prefrontal cortex, and the dorsal premamillary nucleus in the hypothalamus, whereas the other subregions receive either no inputs or much less dense inputs from these regions (1, 12, 30, 31, 42, 44 ; for reviews see also refs. 4, 8, 22) . Conversely, the lPAG, but not the dlPAG or dmPAG receives major inputs from somatotopically organized afferents arising from the lumbar and cervical spinal cord and the spinal trigeminal nucleus (23, 43, 45 ; for reviews see also refs. 4, 8) .
There are also major differences with regard to the output pathways from these different PAG subregions. Neurons in the lPAG and dmPAG both have descending projections to the ventral medulla, whereas there are no direct projections from neurons in the -4 -dlPAG to the medulla (4, 8, 16, 41) . Instead, the dlPAG has major projections to the cuneiform nucleus in the midbrain and to the superior lateral parabrachial nucleus in the pons (24, 35) , both of which project to the hypothalamus (5, 14, 25) . It has recently been demonstrated that the cardiovascular and respiratory responses evoked by stimulation of the dlPAG is dependent upon neuronal activity in the dorsomedial hypothalamus (DMH) (11, 18) . Taking into account the results of previous studies (8) , Horiuchi et al. (18) suggested that the PAG regulates cardiovascular and respiratory function via both ascending projections to the DMH and descending projections to the ventral medulla, that originate from different PAG subregions.
The fact that the dmPAG, dlPAG, and lPAG have such markedly different anatomical connections raises the question as to whether there are also distinct differences in their functional properties, particularly in regard to their role in cardiovascular and respiratory regulation. In previous studies in the rat in which the cardiovascular and/or respiratory responses evoked by microinjection of the excitatory amino acid D,L-homocysteic acid (DLH) into the PAG were measured (19, 46) , the amounts injected were relatively large (6) (7) (8) (9) (10) (11) (12) nmol in 30-60 nl), limiting the spatial resolution of the procedure. In another study the GABA receptor antagonist bicuculline was injected into sites in the dorsal PAG (15) , but in that study all but one of the injection sites was centered in the dmPAG, so that it was not possible to discriminate responses evoked from different PAG subregions. Furthermore, the responses lasted for 10 min or more, in which time the drug could diffuse some distance, so that it is not clear whether the responses were due to disinhibition of neurons within the dmPAG or adjacent subregions. In a more recent study, microinjections of DLH were made into sites within the PAG of the unanesthetized decerebrate cat (39) . In this case, the larger size of the PAG permits a higher degree of spatial resolution, and differences in the evoked patterns of respiratory responses were noted, according to the location of the centers of the injection sites. In that study, however, the hypothalamus had been removed, which would -5 -have eliminated responses mediated by ascending pathways to the DMH (18), as described above.
In the present study, we made microinjections into sites within the dmPAG, dlPAG and lPAG of small amounts (750 pmol in 15 nl) of DLH, which evoke responses of short (<1 min) duration (40) . When combined with precise marking of the centers of the injection sites, we were able to discriminate responses evoked from these different PAG subregions. Simultaneous recordings were made of phrenic nerve activity (PNA) and renal sympathetic nerve activity (RSNA) together with arterial pressure and heart rate, which also allowed us to determine the degree of correlation between respiratory and renal sympathetic responses evoked from different PAG subregions.
MATERIALS AND METHODS

General
Procedures. Experiments were performed using male Sprague-Dawley rats (391 ± 70g, 7-18 weeks old) supplied by University of Sydney Laboratory Animal Services. All experimental procedures were approved by the Animal Ethics Committee of the University of Sydney and were carried out in accordance with the Guidelines for Animal Experimentation of the National Health and Medical Research Council of Australia. Anesthesia was initially induced by inhalation of isoflurane (2-3% in oxygen-enriched air). A thermo-regulated heating pad was used to maintain body temperature at 37°C to 38°C as measured via a rectal probe. The femoral artery and vein were cannulated to facilitate measurement of cardiovascular parameters and administration of drugs respectively. Isoflurane was withdrawn while being replaced by urethane (1.3g/kg i.v. with supplementary doses of 0.1 g/kg i.v., if required). The adequacy of anesthesia was verified by the absence of the corneal reflex and a withdrawal response to nociceptive stimulation of a hind paw. A tracheotomy was performed to maintain an unobstructed airway and the animals were allowed to breathe freely. The head was placed in a stereotaxic frame with the -6 -incisor bar fixed 3.3 mm below the interaural line and a small area on the dorsal surface of the brain was exposed to allow for later insertion of micropipettes into the PAG.
The pulsatile signal of arterial pressure was recorded using Chart software (AD Instruments) to allow off-line computing of mean arterial pressure (MAP) and heart rate (HR) using the same software. The PNA and RSNA were also recorded, as described below.
Nerve Recordings. A renal sympathetic nerve was exposed retro-peritoneally as described previously (13) . The left phrenic nerve was exposed and isolated from a dorsal approach, just ventral to the brachial plexus. Following exposure and isolation of the nerve, the distal end of the nerve was cut to eliminate afferent signals in the recording, and placed on a recording electrode.
As previously described (13, 28) , the raw PNA and RSNA signals were amplified and sampled at a rate of 1000 samples/second and recorded continuously on a computer using Chart software.
The Chart software was also used to compute and record continuously the PNA burst rate and the rectified and integrated RSNA and PNA. were made into sites in the PAG, using a glass micropipette held vertically in a micromanipulator.
The vehicle solution was artificial cerebrospinal fluid (aCSF) adjusted to pH 7.4. In all cases the injectate also contained 1% Fast Green (Sigma) to allow the later histological verification of microinjection sites. Microinjections were made by pressure, using a previously described method (13) . The tip of the micropipette was positioned stereotaxically into sites in the PAG (6.7-8.7 mm caudal to bregma, 0.0-1.3 mm lateral to the midline, and 3.5-6.0 mm ventral to the surface of the cortex), as determined using a standard rat brain atlas (33) . In each track, microinjections were made into 3-6 sites. There was a waiting period of at least 5 min after each microinjection, and then the micropipette was moved downward 0.5 mm and another microinjection was made, after ensuring that the cardiovascular and respiratory variables were stable. In each animal, typically 2-7 tracks were explored in this way. In 3 experiments, microinjections of the GABA receptor agonist isoguvacine (Sigma, 500 pmol in 50 nl) were also made into sites within the PAG.
-7 -At the end of the experiment, the rat was euthanized with an overdose of pentobarbital sodium, the brain was removed and then fixed in 4% paraformaldehyde. Coronal sections (50 µm) were cut on a freezing microtome and injection sites were determined using a microscope.
Adjacent sections stained with neutral red were used to determine anatomical landmarks, and the center of each injection site was plotted on to the standard section from Paxinos and Watson (33) that was closest to the section being examined. Examples of actual injection sites and their location with respect to the standard section are shown in Figs. 2 and 3 . Statistical Analysis. ANOVA was used to compare the changes in RSNA, PNA burst rate, PNA burst amplitude, respiratory activity, Ti and Te evoked by microinjections of DLH into different PAG subregions, followed by paired or unpaired comparisons using the t-test with application of the Holm step-down procedure for multiple comparisons as appropriate (37) . A P value of <0.05 was regarded as statistically significant. All values are presented as mean ± SE.
-8 -
RESULTS
Dependence of effects on the site of injection. In 21 experiments microinjections of DLH
were made into 143 sites centered on the dmPAG, dlPAG, lPAG and surrounding regions (Fig. 1) .
The resting MAP, HR and PNA burst rate was 99 ± 2 mmHg, 357 ± 7 beats/min, and 113 ± 3 bursts/min, respectively. As shown in Fig. 1 , DLH microinjections evoked large increases (≥30% baseline) in RSNA from 45 sites distributed widely within the dmPAG, dlPAG, lPAG and at all three rostrocaudal levels. DLH microinjections into sites outside the PAG did not evoke significant increases in RSNA, except from some sites close to the border of the dlPAG and dmPAG ( Fig. 1 ).
In contrast, DLH microinjections evoked large increases in PNA burst rate (≥30% baseline) and respiratory activity (≥50% baseline) from a much more restricted region within the PAG, which corresponded closely to the dlPAG at the level -7.6 mm (caudal to bregma), and to a lesser extent the level -8.3 mm (Fig.1 ). An example of a response evoked from this region is shown in Fig. 2 . In sharp contrast to the dlPAG, DLH microinjections into the dmPAG or lPAG evoked small or no increases in PNA burst rate or respiratory activity, as shown for example in Fig. 3 , with the exception of 2 sites in the dmPAG and 3 sites in the lPAG (Fig. 1) . Figure 4A shows a quantitative comparison of the magnitudes of the changes in RSNA, PNA burst rate and respiratory activity evoked from the 3 different PAG subregions at the level -7.6 mm, which is the level at which the large majority of increases in respiratory activity were evoked ( Fig. 1) . Although the magnitudes of the increases in RSNA evoked from the dlPAG, dmPAG and lPAG were not significantly different (P =0.245), the increases in PNA burst rate and respiratory activity evoked from the dlPAG were much greater than those evoked from either the dmPAG or lPAG (Fig. 4A) . Figure 4B shows a quantitative comparison of the magnitudes of the changes in these variables evoked from the dlPAG at the three different rostrocaudal levels. Again, the magnitudes -9 -of the changes in RSNA are not significantly different between the levels (P = 0.757), but there were clear differences in the magnitudes of the increases in PNA burst rate and respiratory activity according to rostrocaudal level. In particular, the respiratory responses evoked from the dlPAG at the level -7.6 mm were much greater than those evoked from this subregion at the level -6.8 mm, but not from the level -8.3 mm (Fig. 4B) .
DLH microinjections evoked significant respiratory responses at some sites outside the PAG, that were located mainly close to the border of the dlPAG or just dorsal to the dmPAG, within the deep layers of the superior colliculus (Fig. 1) . These respiratory responses were accompanied by variable and generally small changes in RSNA.
DLH microinjections into the dlPAG at the level -7.6 mm also evoked increases in MAP (16 ± 2 mmHg, n=14) which were significantly greater than responses evoked from the dmPAG at the same level (8 ± 2 mmHg, P < 0.02) but not those evoked from the lPAG at this level (16 ± 2, P > 0.9). A moderate increase in HR (26 ± 4 beats/min) was also evoked from the dlPAG at this level, but this did not differ significantly from the increases in HR evoked from the dmPAG and lPAG (11 ± 5 and 5 ± 10 beats/min, respectively, P > 0.09 in both cases). Small changes in MAP and HR were also evoked from sites in these subregions at the levels -6.8 and -8.3 mm, but these tended to be even smaller than those evoked from the level -7.6 mm.
Microinjections of a relatively large volume (50 nl) of the GABA-receptor agonist isoguvacine hydrochloride (500 pmol) were made into 3 sites in the dlPAG or lPAG. This concentration of isoguvacine causes profound inhibition of neurons when microinjected into brainstem regions (34) . The isoguvacine injections evoked only small changes in RSNA, PNA burst rate or respiratory activity (-5 ± 7%, 7 ± 1% and 4 ± 5%, respectively), indicating that neurons at these sites do not provide a significant tonic excitatory influence on RSNA or respiratory activity in the anesthetized rat. In contrast, DLH microinjection at 2 of these sites (in the dlPAG) evoked large increases in all of these variables (40 and 131% increase in RSNA, 33 and 46% increase in PNA burst rate, and 53 and 77% increase in respiratory activity).
-10 -Patterns of evoked respiratory responses. As shown in Fig. 1 , DLH microinjection at some sites in the lPAG at the levels -7.6 and -8.3 mm did evoke large increases in respiratory activity, but not in PNA burst rate, indicating that the increased respiratory activity at these sites was due mainly to an increase in PNA burst amplitude. To examine this in more detail, the changes in PNA burst rate and amplitude were determined for all sites in the lPAG at these levels where the evoked increase in respiratory activity was ≥ 25% (n=10), and compared with the corresponding values for such sites in the dlPAG at the same levels (n=15). As shown in Fig. 5, the patterns of the respiratory responses evoked from the 2 regions were quite different; the responses evoked from the dlPAG were due mainly to an increase in PNA burst rate, whereas those evoked from the lPAG were due mainly to an increase in PNA burst amplitude. The tachypnea evoked from the dlPAG was due to a decrease in the duration of both inspiration (Ti, from 238 ± 9 to 167 ± 9 ms, a decrease of 29 ± 3%, P <0.001) and expiration (Te, from 306 ± 9 to 180 ± 12 ms, a decrease of 41 ± 3%, P <0.001).
At 11 sites in the deep layers of the superior colliculus at which DLH microinjections evoked increases in respiratory activity ≥ 25%, the evoked respiratory responses had a very similar pattern to the responses evoked from the dlPAG, i.e. was due almost largely to an increase in PNA burst rate (43 ± 5%) with little change in PNA burst amplitude (6 ± 5%). As in the dlPAG, the tachypnea evoked from these sites was due to a decrease in the duration of both T1
(from 295 ± 12 to 198 ± 9 ms, a decrease of 32 ± 4%, P <0.001) and Te (from 283 ± 20 to 195 ± 10 ms, a decrease of 29 ± 4%, P <0.001).
Correlation between renal sympathetic and respiratory responses. As described above, large respiratory responses were mainly evoked from the dlPAG at the level -7.6. Within this subregion, there was a strong correlation (r = 0.914, P < 0.001) between the increase in RSNA and the increase in respiratory activity evoked by DLH microinjections within this region, as shown in Fig. 6A . In contrast, there was no significant correlation between the increases in HR -11 -and the increases in respiratory activity (r = 0.105, P =0.73, Fig. 6B ), or between increases in HR and the increases in RSNA (r = 0.101, P =0.74) evoked from this region.
DISCUSSION
In this study we used high-resolution functional mapping to examine the effects of activation of neurons within different PAG subregions on cardiovascular and respiratory activity. The major findings were that marked increases in respiratory rate and overall respiratory activity, accompanied by increases in RSNA, are evoked from a highly restricted region within the PAG that corresponds closely to the dorsolateral subregion, at intermediate to caudal levels of the PAG. Furthermore, the magnitudes of the evoked increases in respiratory activity and RSNA were highly correlated. Small to moderate increases in heart rate were also evoked from this subregion, but in this case were not correlated with the increases in either respiratory activity or RSNA. These findings indicate that neurons in the dorsolateral PAG can exert a powerful stimulatory effect on central respiratory drive. Moreover, the high degree of correlation between the respiratory and renal sympathetic effects evoked by activation of different sites within this subregion is consistent with the possibility that there are neurons within the dlPAG that have common outputs driving sympathetic and respiratory activity.
Methodological considerations.
In each experiment, microinjections were never made into the same site, but were always made into a site located 0.5 mm ventral to the previous injection site in the same track. The time between successive injections was at least 5 min.
Nevertheless, it could be argued that the failure to evoke significant respiratory responses at many sites within the dmPAG or lPAG is a consequence of the fact that respiratory neurons within those sites were affected by DLH injected into the previous site, and were thus unresponsive to DLH when injected into the site itself. This is highly unlikely, because the volume and concentration of DLH injected were small, and well below the levels that Lipski et -12 -al (26) have shown can induce "depolarisation blockade". For example, Lipski et al (26) found that a microinjection of DLH solution in a volume (30 nl) and concentration (500 mM), which were, respectively, twice and 10 times the volume and concentration used in the present study, had very little effect on the responsiveness of neurons located 0.5 mm from the injection site at 5 min after the injection. In addition, Tanaka and McAllen (40) found that repeated injections of DLH, in the same volume and concentration as used in the present study, into the same sites within the hypothalamus consistently evoked reproducible responses. Thus, we conclude that the differences in the magnitude of respiratory responses evoked from different subregions within the PAG reflect differences in the distributions of respiratory neurons rather than being a consequence of the method used to stimulate neurons.
Comparison with previous studies. Previous studies in the rat have shown that injection of DLH into sites centered on the dlPAG evokes respiratory responses (19, 46) , but in those studies the amount of DLH injected was much greater than in the present study (6,000-12,000 pmol vs 750 pmol), and the authors did not report any difference in responses evoked from the dlPAG and dmPAG, presumably because the much larger injections did not permit such spatial resolution. Similarly, Hayward et al. (15) found that microinjection of the GABA receptor antagonist bicuculline into sites mainly centered in the dmPAG evoked increases in respiratory activity. In their study, however, the responses were long-lasting (10 min or more), so that the observed effects could have been a consequence of diffusion of bicuculline to the adjacent dlPAG. In contrast to these previous studies, therefore, the spatial resolution in our study was sufficient to demonstrate clear differences in the magnitudes of the respiratory responses evoked from the different PAG subregions.
In a recent study in the unanesthetised decerebrate cat, Subramanian et al. (39) found that DLH microinjections into the PAG evoked different patterns of respiratory responses, which differed according to the site of injection. In particular, increases in respiratory frequency and amplitude of the diaphragm electromyographic activity were evoked from some sites, but the -13 -majority of these were located in the lPAG rather than the dlPAG, in contrast to our findings. A likely explanation for this difference is that in the decerebrate cat the hypothalamus is removed, which would have eliminated the ascending connections between the PAG and DMH, which we have recently shown have a crucial role in mediating respiratory responses evoked from the dlPAG (18) .
The finding that the sites at which a large increase in respiratory rate was evoked were largely restricted to the dlPAG does not rule out the possibility that other PAG subregions may also contribute significantly to respiratory regulation. As stated above, Subramanian et al. (39) found that DLH microinjections into the lPAG evoked increases in respiratory activity.
Similarly, we also found that DLH microinjections into this region also evoked increases in respiratory activity at some sites, although these responses were smaller than those evoked from the dlPAG (Fig. 4A) . Furthermore, the pattern of the respiratory responses evoked from the lPAG appeared was quite different from that evoked from the dlPAG -the responses evoked from the lPAG were due mainly to an increase in PNA burst amplitude, whereas those evoked from the dlPAG were due mainly to an increase in PNA burst rate.
These differences in response pattern suggest that the central pathways mediating the respiratory responses evoked from the dlPAG and lPAG are different. In contrast to the dlPAG, there are extensive direct descending projections from the lPAG to the ventral medulla, including regions that contain respiratory premotor neurons (4, 8, 41) . Thus the respiratory responses evoked from the lPAG may be mediated primarily via these descending projections, whereas responses evoked from the dlPAG may be mediated primarily via ascending pathways to the DMH, as previously suggested (18) . Consistent with this, increases in respiratory activity can be evoked by activation of the DMH (28, 40) , and the pattern of the response evoked from the dlPAG (large increase in PNA burst rate with only a modest increase in PNA burst amplitude) is very similar to that evoked from the DMH (28).
-14 -With regard to respiratory timing, our finding that the increase in PNA burst rate evoked from the dlPAG was due to decreases in both Ti and Te is consistent with previous studies that demonstrated that electrical or chemical stimulation of sites in the dorsal PAG evoked decreases in these variables as measured using diaphragm electromyographic activity (15, 19, 46) .
Correlation between renal sympathetic and respiratory responses. There are two possible explanations for the observation that increases in respiratory activity and RSNA evoked by stimulation of different sites within the dlPAG are highly correlated. One possibility is that there are separate populations of neurons within this subregion, which independently regulate respiratory activity and renal sympathetic activity, but which have very similar distributions within the subregion. The second possibility is that there is a common population of neurons within the dlPAG that are capable of generating simultaneously increases in respiratory and renal sympathetic activity. Regardless of which of these two alternative possibilities is correct, the fact that powerful respiratory and renal sympathetic responses can be simultaneously elicited from a highly circumscribed PAG region suggests that this region may have a key role in generating physiological responses during behaviours in which respiratory and sympathetic activity is increased simultaneously, such as "flight or fight" responses activated by acute threatening stimuli (17) . As we shall discuss in more detail in the "Perspectives" section below, the anatomical connections of the dlPAG are consistent with the hypothesis.
In contrast to RSNA, changes in heart rate evoked from the dlPAG were generally modest and not correlated with the changes in respiratory activity. It is very interesting, therefore, that a recent study has shown that mild alerting stimuli in conscious rats evoke a marked increase in respiratory rate but has little effect on heart rate (20) . Thus, the results of our study are consistent with the view that the respiratory and cardiac changes evoked by alerting stimuli are regulated by separate pathways within the brain.
At many sites in the dmPAG and lPAG, marked increases in RSNA were evoked by DLH microinjection. These were accompanied by variable but generally small changes in PNA burst -15 -rate or respiratory activity, so that in contrast to the dlPAG there was little correlation between the renal sympathetic and respiratory responses evoked from sites in these PAG subregions. In the decerebrate cat, DLH microinjections into the lPAG also evoke sympathoexcitatory responses (9) , and it has been proposed that these effects are mediated by neurons within this region that project directly to the rostral ventrolateral medulla (8, 9, 41) . It is interesting to note, however, that in the decerebrate cat DLH microinjections into the dlPAG did not evoke a significant sympathoexcitatory response (9), consistent with the view that the dlPAG-evoked response is mediated via an ascending pathway to the DMH. Thus, these previous observations in the cat taken together with our present findings in the rat support the view that the dlPAG and lPAG regulate sympathetic and respiratory activity via quite different output pathways.
To our knowledge, there are no previous reports of the effects of activation of neurons in the dmPAG on RSNA. Our finding that strong increases in RSNA can be produced by activation of the dmPAG is consistent with anatomical studies that have demonstrated a major direct projection from the dmPAG to the rostral ventrolateral medulla (9, 41) , including the region that contains neurons that regulate RSNA (9) . Unlike the dlPAG, the dmPAG receives a major direct input from the medial preoptic area (36) , emphasing again the distinct differences in the anatomical connections of the two subregions. It is possible that the descending pathway from the medial preoptic area to the dmPAG mediates an increase in RSNA as part of autonomic and behavioral responses normally regulated by neurons in the medial preoptic area, that include thermoregulatory (29) and reproductive behavioural responses (2) .
Although sites at which significant increases in RSNA were evoked were distributed throughout the dmPAG, dlPAG and lPAG, the magnitude of these responses was variable (e.g. see Fig. 6 ) and there were also some sites within these subregions at which only small (<10%) increases in RSNA were evoked. This suggests that the distribution of neurons regulating RSNA is not uniform within these subregions, and there may be even smaller subdivisions within these subregions that do not contain neurons regulating RSNA.
-16 -Outside the PAG, significant increases in PNA burst rate or respiratory activity were evoked from some sites in the superior colliculus, particular in the deep layers dorsal to the dmPAG (Fig. 1) . The dlPAG and deep layers of the superior colliculus receive common afferent inputs from other brain regions, such as the prefrontal cortex area 10 (1) and the dorsal premammillary nucleus (7), and it is therefore possible that neurons in both these regions that drive respiratory activity may receive inputs from some common sources.
Role of dlPAG in stress-evoked responses.
There is now extensive evidence that the different subregions in the PAG mediate different behavioural responses as part of different coping strategies to stress (3, 5, 8, 39) . The lPAG and dlPAG are believed to mediate "active coping" strategies, which includes increased somatomotor activity and autonomic responses that would facilitate escape or confrontation (3, 5, 8, 22) . Both anatomical and behavioural studies indicate that the dlPAG neurons that generate an active coping reaction are activated primarily by psychological stressors (e.g. the presence of a predator) (1, 6, 31 ) whereas the lPAG neurons are activated primarily by physical stressors (e.g. cutaneous pain) (21,23; for review see ref. 22 ).
For example, the presence of a cat results in increased Fos expression primarily within the dlPAG of a rat (6), whereas cutaneous pain evokes Fos expression primarily within the lPAG (21) .
As mentioned in the Introduction, the dlPAG and lPAG also have distinctly different afferent inputs, consistent with the different types of stimuli that activate each region. In particular, there is a very dense projection from the dorsal premammillary nucleus (PMD) in the hypothalamus to the dlPAG, but not to the lPAG (30) . The PMD, particularly its ventrolateral portion, is believed to be a key nodal nucleus mediating defensive behavioural responses to environmental threats such as the presence of a predator (10, 30) . Apart from the PMD, there are also major direct inputs to the dlPAG, but not other PAG subregions, from the primary auditory cortex, the secondary visual cortex and the medial prefrontal cortex (1, 12, 31, 42, 44) . Thus, the dlPAG receives inputs from many different sources that would signal an environmental threat, -17 -consistent with its postulated role in integrating defensive responses to immediate danger (22, 42) .
Perspectives and significance
As discussed above, previous studies indicate that the dlPAG plays a critical role in mediating defensive behavioural responses as part of an active coping strategy. The results of the present study are entirely consistent with these previous behavioural studies, by demonstrating that the dlPAG, but not the immediately adjacent PAG subregions, has a unique role in regulating respiratory activity. Furthermore, our observation that respiratory responses evoked from the dlPAG are associated with highly correlated renal sympathetic responses, when considered together with the findings of previous behavioural studies, raises the possibility that there is a group of "command neurons" within this highly circumscribed region that generate stereotyped behavioural and autonomic responses to acute environmental threats. In particular, the increase in RSNA may be a component of a more widespread visceral vasoconstriction, which when combined with increased respiratory activity and skeletal muscle vasodilation would increase the blood flow and delivery of oxygen to active skeletal muscles (17) .
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We thank Dr Jaimie Polson for his helpful comments on the manuscript. activity evoked by microinjections into the dm PAG, dlPAG and lPAG at the level 7.6 mm caudal to bregma (A), and in the dlPAG at the levels 6.8, 7.6 and 8.3 mm caudal to bregma (B). Note that the largest respiratory responses were evoked from the dlPAG at the level 7.6 mm caudal to bregma, whereas there were no significant differences in the magnitudes of the evoked increases in RSNA with respect to either PAG subregion or rostrocaudal level. Figure 5 . Histograms showing the changes in PNA burst rate and amplitude evoked by microinjections into sites in the dlPAG and lPAG at the levels 7.6 and 8.3 mm caudal to bregma, at which the increase in respiratory activity was ≥ 25%. Note that the patterns of the respiratory responses were quite different -the increases in respiratory activity evoked from the dlPAG was due mainly to an increase in PNA burst rate, whereas those evoked from the lPAG were due mainly to an increase in PNA burst amplitude.
GRANTS
-25 - Figure 6 . Graphs showing the relationship between changes in RSNA and respiratory activity evoked by microinjection of DLH into 14 sites in the dlPAG at the level 7.6 mm caudal to bregma (A), and between evoked changes in HR and respiratory activity at these same sites (B). Note that there was a high degree of correlation between changes in RSNA and respiratory activity but not between changes in HR and respiratory activity. The straight lines represent the lines of best fit in each case. 
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